The structures of nickel decorated cavities and Ni precipitates epitaxially grown in the nanocavity band in separation by implantation of oxygen ͑SIMOX͒ are studied. The nanocavities are generated in the silicon substrate of the SIMOX wafer by proton implantation followed by Ni implantation into the Si overlayer. Channeling Rutherford backscattering spectrometry results indicate that Ni implantation changes the crystalline Si overlayer into amorphous Si. After annealing at 1000°C for 2 h, the amorphous Si evolves into a polycrystalline structure composed of NiSi 2 and polycrystalline silicon. In the meantime, most of the nickel atoms diffuse through the buried oxide layer and are gettered by the nanocavity band. NiSi 2 precipitates are observed both in the nanocavities and at the residual defects created by H implantation. The microstructure of the Ni precipitate depends on whether there are cavities nearby. Without cavities in the vicinity, dislocations are observed in the neighborhood of the precipitate, whereas no dislocation is detected around the precipitate when there are nanocavities in the neighborhood. The precipitation and gettering behavior can be explained by the gettering of Si interstitials to the microcavities and lowering of the nucleation barrier.
I. INTRODUCTION
Transition metals are common impurities in silicon originating from the crystal growth and subsequently integrated circuits ͑IC͒ fabrication steps. They are typically detrimental to the ICs because they can degrade the minority carrier lifetime and increase the junction leakage current. 1 The increasing complexity and miniaturization of modern integrated circuits require higher yield and hence a smaller density of defects and impurities in the electrically active zone of devices. Various kinds of gettering methods such as P diffusion, 2 internal gettering ͑IG͒, 3 and carbon implantation 4 have been developed to remove the impurities to a sacrificial region. Recently, a technique using microcavities created by H or He ion implantation has been extensively studied and shown to be effective in trapping Cu, Ni, Au, and Pt in bulk Si. [5] [6] [7] [8] [9] [10] For high speed, low power, complementary metal-oxidesemiconductor ͑CMOS͒ devices, silicon-on-insulator ͑SOI͒ has many advantages over bulk Si. 11 Separation-byimplantation-of-oxygen ͑SIMOX͒ is the most widely used commercial SOI material. The manufacturing process utilizes high dose oxygen implantation into silicon at elevated temperature followed by annealing at above 1300°C. Transition metal impurities may contaminate the SIMOX wafers during oxygen implantation, high temperature annealing, and other handling processes. Nanocavities generated by He or H implantation have been proposed to getter Cu and Fe in SIMOX. [12] [13] [14] [15] The results suggest that these nanocavities are more effective for Cu than for Fe. Nickel is a common impurity in IC processes, and its high diffusivity and reactivity make it highly deleterious, but the mechanism of Ni gettering to nanocavities in SIMOX has not been demonstrated. Mohadjeri 
II. EXPERIMENT
The SIMOX wafer was produced in our laboratory by implanting 5ϫ10 17 atoms/cm Ϫ2 O ϩ into an n-type ͑100͒ Si at 70 keV and a substrate temperature of 680°C, followed by annealing at 1300°C for 6 h in Arϩ0.5%O 2 . The SIMOX wafer was implanted with 50 keV, 3.5ϫ10 16 cm Ϫ2 H ϩ at room temperature followed by annealing at 700°C for 30 min to form a band of cavities beneath the buried oxide ͑BOX͒ layer. A dose of 2ϫ10 15 cm Ϫ2 Ni was implanted into the top Si layer at 70 keV at room temperature. The specimen was then annealed at 1000°C for 2 h in a nitrogen atmosphere to redistribute the Ni impurities. The depth profiles of Ni and damage caused by Ni and H implantation before and after 1000°C annealing were investigated by 2 MeV He channeling Rutherford backscattering spectrometry ͑RBS/C͒. The scattering angle was set at 170°. The microstructure of the sample after 1000°C annealing was examined by cross-sectional transmission electron microscopy ͑XTEM͒ using a 200 kV Philips CM-20T or 400kV Philips JEM-400EX.
III. RESULTS AND DISCUSSION
RBS/C was carried out to characterize the H and Ni implanted SIMOX before and after annealing at 1000°C, and the results are exhibited in Fig. 1 . Figure 1͑a͒ depicts the spectrum acquired from the as-implanted sample. Three regions, top Si, buried oxide ͑BOX͒, and Si substrate, can be observed. Comparing the random and the aligned spectra, the backscattering yield in the channeling spectrum of the top Si is similar to that of the random spectrum demonstrating that the top Si layer has been transformed into an amorphous layer by Ni implantation. The peak of the Ni depth profile is at the middle of the Si overlayer. The H implantation induced damage zone can also be observed. Figure 1͑b͒ shows the RBS/C results of the annealed sample. After 1000°C annealing, no Ni peak is detected by RBS, suggesting that Ni has moved into the wafer after this thermal treatment and the Ni concentration left in the top Si has diminished to below the detection limit of RBS. The damage peak introduced by H implantation has decreased greatly. Furthermore, in addition to the oxygen signal from the BOX, another oxygen signal originating from the sample surface is seen indicating that the sample surface has been oxidized during thermal treatment. It is expected that the ␣-Si caused by Ni implantation will undergo recrystallization at such a high annealing temperature. However, as shown in Fig. 1͑b͒ , the backscattering yield in the channeling spectrum corresponding to the top Si layer is still equal to that of the random spectrum. This shows that the top Si has not become single crystal after 1000°C annealing. Further XTEM study reveals that the top Si has a polycrystalline structure consisting of Ni precipitates and polycrystalline silicon. Figure 2 is the XTEM image of the SIMOX sample implanted with 3.5ϫ10 16 with the RBS result in Fig. 1͑b͒ . The original silicon overlayer is thick enough ͑about 90 nm thick͒ to stop the implanted nickel ions, which were calculated to have a projected range of 50 nm using TRIM94. The BOX contains typical Si islands, and a nanocavity band has formed about 300 nm below the BOX layer. The diameter of the nanocavities varies from 10 to 130 nm ͑although not shown here, voids as large as 130 nm were observed in this study͒, and some of the nanocavities have evolved into a faceted shape to decrease the surface energy. No defects such as stacking faults stemming from the SIMOX production process are detected in the region just below the BOX layer. Figure 3͑a͒ shows the XTEM micrograph of the top Si layer after 1000°C annealing and Fig. 3͑b͒ is a magnified image of Fig. 3͑a͒ . It is evident that the top Si has been transformed into a polycrystalline structure. Since the lattice mismatch between NiSi 2 and crystalline silicon is very small ͑only 0.4% at room temperature͒, 16 it is difficult to distinguish the Ni precipitates from poly-Si. However, the Moiré fringes characteristic of a second bulk phase can be observed in the top Si layer near the projected range of Ni. This demonstrates that NiSi 2 precipitates have formed in the top Si layer after annealing.
Figures 4-6 depict the structure of the nanocavity band in the H and Ni implanted SIMOX after annealing. Figure 4 is a dark field XTEM picture whereas Figs. 5 and 6 are bright field XTEM images. It has been proposed that metallic impurities diffusing to a cavity band will first be captured by the dangling bonds on the walls. 6 Subsequently, the impurities may precipitate in the cavities after the dangling bonds on the walls are occupied ͑saturated͒.
7 XTEM cannot detect atomic Ni trapped on the void walls, but bulk phase Ni precipitates can be observed. In this study, precipitate-filled cavities are observed. Most of the cavities in Fig. 4 exhibit a dark appearance and one cavity has a white appearance. The white cavity in this dark field image is filled with Ni bulk phase precipitate. Figure 5 shows the morphology of three nanocavities. The nanocavities on the left and in the middle of the picture have a darker appearance than the surrounding Si matrix, indicating Ni precipitation in the nanocavities after the dangling bonds on the cavity walls are saturated with Ni. In a previous study, 15 we studied Cu gettering to cavities produced by H and He implantation in SIMOX and only observed Cu precipitate-filled cavities in the H-implanted sample which contains less nanocavities ͑thus less dangling bonds͒ than the He-implanted SIMOX sample. Ni precipitate-filled cavities have been observed, 7 but Ni precipitation at the defects in the cavity band has not been reported. Our data reveal that Ni precipitates can form in other locations in the cavity band. ͕111͖ faceted Ni precipitates are observed in the neighborhood of nanocavities as shown in Figs. 6͑a͒ and 6͑b͒, and this observation is in line with the previous report that nickel precipitates in the form of crystalline silicides epitaxially grown on defined planes of the silicon host lattice. 17, 18 In Fig. 6͑a͒ , there is only one small cavity near the big precipitate, and dense dislocations are observed near the precipitate. Some of the big dislocations extend from the H implantation damage peak to the lower edge of the BOX. These dislocations apparently propagate from the precipitate during formation. When such a precipitate is present near nanocavities ͓Fig. 6͑b͔͒, no dislocation is FIG. 3 . ͑a͒ XTEM bright-field micrograph of the top silicon layer after 1000°C annealing. ͑b͒ A magnified image of ͑a͒. Grain boundaries and Moiré fringes can be observed. The micrographs were taken at 400 kV using a Philips JEM-400EX.
formed around it, but strain fields can be observed around the nanocavities.
In this study, epitaxially grown NiSi 2 is observed in both the top Si overlayer and microcavity band after annealing, but the NiSi 2 growth mechanisms in the two locations are quite different. Ni silicide forms in the ␣-Si in the top layer, whereas Ni precipitates epitaxially along the crystalline silicon in the cavity band. Before annealing, all the implanted Ni impurities are in the ␣-Si. Upon 1000°C annealing, the ␣-Si in the top layer recrystallizes. Meanwhile, Ni precipitates form at the concentration peak of Ni. The formation of silicide has been shown to facilitate the recrystallization of ␣-Si. 19 Some Ni impurities diffuse through the BOX layer into the substrate. Although poly-Si can trap Ni impurity effectively, 20 quantitative secondary ion mass spectroscopy ͑SIMS͒ measurements ͑not shown here͒ show that 38% of the implanted Ni ͑corresponding to a dose of 7.6ϫ10 14 cm Ϫ2 ) has been captured in the nanocavity band. We have found that nickel precipitates epitaxially at the cavity band ͑Fig. 6͒. The formation mechanism of precipitates in the cavity band can be categorized as relaxation gettering 21 and is based on the heterogeneous precipitation of impurities at nuclei formed by lattice defects.
After 1000°C annealing, Ni precipitates with ͓Fig. 6͑a͔͒ and without ͓Fig. 6͑b͔͒ dislocations are formed in the residual defects in the cavity band. The difference in the precipitates can be attributed to the adsorption of Si intersititials to the nanocavities. The lattice parameter of NiSi 2 is larger than that of silicon at temperature above 500°C. 22 Therefore, silicon self-interstitials are emitted leading to the formation of extrinsic dislocations in the surrounding silicon matrix as exhibited in Fig. 6͑a͒ . NiSi 2 epitaxially grown on c-Si with dislocations in a Si matrix has been reported. 18, 23 However, things are different when there are nanocavities in the vicinity of the Ni precipitate. The absence of dislocation displayed in Fig. 6͑b͒ is due to the gettering of point defects to the nanocavities. The nickel precipitation mechanism in nanocavities is similar to that of the surface silicide proposed by Seibt et al., who suggested that impurities tend to precipitate at the sample surface due to a lowering of the nucleation barrier. 22 It is expected that the sample surface acts as a sink for silicon self-interstitials and vacancies generated during precipitation. The adsorption of interstitials to the microcavities has been reported by Raineri and Campisano. 24 The presence of cavities thus facilitates the growth of nickel precipitates at the residual defects in the H implantation induced damage region. 
IV. CONCLUSION
Nanocavities are produced in the substrate of a SIMOX wafer by hydrogen implantation and a high dose of Ni is implanted to change the c-Si overlayer into ␣-Si. XTEM measurements are used to investigate the competitive gettering of Ni to the nanocavity band and to the polycrystalline Si overlayer as well as the microstructure of the Ni-decorated cavities. Our results demonstrate that upon 1000°C annealing, the ␣-Si induced by Ni implantation recrystallizes accompanied by some Ni precipitation in the top Si layer. However, 38% of the implanted Ni diffuses through the buried oxide layer and is captured in the nanocavity band in the silicon substrate. NiSi 2 precipitates observed in the nanocavities are epitaxially grown at the residual defects created by H implantation. The nanocavities act as the gettering sites for Si interstitials released during the formation of NiSi 2 precipitates, thereby facilitating the growth of NiSi 2 precipitates in the cavity band.
